The Combined Effect of Photovoltaic and Electric Vehicle Penetration on Conservation Voltage Reduction in Distribution System by Bhusal, Narayan
UNLV Theses, Dissertations, Professional Papers, and Capstones
May 2018
The Combined Effect of Photovoltaic and Electric
Vehicle Penetration on Conservation Voltage
Reduction in Distribution System
Narayan Bhusal
bhusalnarayan62@gmail.com
Follow this and additional works at: https://digitalscholarship.unlv.edu/thesesdissertations
Part of the Electrical and Computer Engineering Commons
This Thesis is brought to you for free and open access by Digital Scholarship@UNLV. It has been accepted for inclusion in UNLV Theses, Dissertations,
Professional Papers, and Capstones by an authorized administrator of Digital Scholarship@UNLV. For more information, please contact
digitalscholarship@unlv.edu.
Repository Citation
Bhusal, Narayan, "The Combined Effect of Photovoltaic and Electric Vehicle Penetration on Conservation Voltage Reduction in
Distribution System" (2018). UNLV Theses, Dissertations, Professional Papers, and Capstones. 3218.
https://digitalscholarship.unlv.edu/thesesdissertations/3218
THE COMBINED EFFECT OF PHOTOVOLTAIC AND ELECTRIC VEHICLE 
PENETRATION ON CONSERVATION VOLTAGE REDUCTION  
IN DISTRIBUTION SYSTEM 
 
By  
Narayan Bhusal  
 
Bachelor of Engineering in Electrical Engineering  
Tribhuvan University, Nepal 
2015 
 
A thesis submitted in partial fulfillment of 
the requirement for the  
 
Master of Science in Engineering - Electrical Engineering  
 
Department of Electrical and Computer Engineering  
Howard R. Hughes College of Engineering  
The Graduate College 
 
University of Nevada, Las Vegas 
May 2018 
 
  
 
 
 
 
 
 
 
 
© Narayan Bhusal, 2018 
All Right Reserved 
 ii 
 
  
  
 
Thesis Approval 
The Graduate College 
The University of Nevada, Las Vegas 
        
April 11, 2018 
This thesis prepared by  
Narayan Bhusal 
entitled  
The Combined Effect of Photovoltaic and Electric Vehicle Penetration on Conservation 
Voltage Reduction in Distribution System 
is approved in partial fulfillment of the requirements for the degree of 
Master of Science in Engineering - Electrical Engineering 
Department of Electrical and Computer Engineering 
                
Yahia Baghzouz, Ph.D.    Kathryn Hausbeck Korgan, Ph.D. 
Examination Committee Chair     Graduate College Interim Dean 
 
Emma E. Regentova, Ph.D. 
Examination Committee Member 
        
Sahjendra Singh, Ph.D. 
Examination Committee Member 
 
Robert F. Boehm, Ph.D. 
Graduate College Faculty Representative 
 
iii 
 
ABSTRACT 
Global conditions over the past dozen years have led to an expanded appetite for renewable energy sources: 
The diminishing fossil fuel supply, the political instability of countries producing these fossil fuels, the 
ever-more destructive effects of global warming, and the lowering of costs for renewable energy 
technologies have made countries around the world reconsider their sources of energy. The proliferation of 
photovoltaic (PV) systems especially has surged dramatically with the decreasing initial costs for 
installation, and increasing government support in the form of renewable energy portfolios, feed-in-tariffs, 
tax incentives, etc. Furthermore, electric vehicles (EV) are also becoming widespread due to recent 
advances in battery and electric drive technologies, and the desperate need to reduce air pollution in urban 
areas. 
 
Meanwhile, electric utilities are always making an effort to run their system more efficiently by encouraging 
the use of energy-efficient appliances and customer participation in demand-side management programs. 
In an attempt to further reduce load demand; many utilities regulate the voltage along their distribution 
feeders in a particular way that is referred to as conservation voltage reduction (CVR). The key principle 
of CVR operation is that the ANSI standard voltage band between 114 and 126 volts can be compressed 
via regulation to the lower half (114–120) instead of the upper half (120–126), producing measurable 
energy savings at low cost and without harm to consumer appliances. 
 
As the penetration of distributed PV and EV charging station increases, this can dramatically change the 
conventional demand profile as PV system act as negative loads during the daylight hours, and EVs 
significantly increase load demand during charging. Consequently, traditional means of controlling the 
voltage by capacitor switching and voltage regulators can be improved in this “smart” grid era by adding a 
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fleet of enabling devices including the smart PV inverter functionalities, such as Volt/VAR control, and 
intelligent EV charging schemes.  
 
This thesis explores how better energy conservation is achieved by CVR in a modern distribution system 
with advanced distributed PV systems inverters and EV loads. Then it summarizes computer simulations 
that are conducted on the IEEE 37 and IEEE 123 node test feeders using OpenDSS interfaced with 
MATLAB. 
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CHAPTER 1  
 INTRODUCTION 
1.1 Motivation 
Distributed generation is the use of small-scale power generation technologies located close to the load 
being served, capable of lowering costs, improving reliability, reducing emissions and expanding energy 
options [1]. Distributed Photovoltaics (PVs), Wind Turbines, Micro-Hydro, and the highly efficient 
micro-combined heat and power units have been used as distributed resources. Global conditions over the 
past dozen years have led to an expanded appetite for green energy sources: The diminishing fossil fuel 
supply, the political instability of countries producing these fossil fuels, the ever-more destructive effects 
of global warming, and the lowering of costs for renewable energy technologies have made countries 
around the world reconsider their sources of energy. Along with that, DG is usually available in small 
units which makes it easy to locate the site, less capital investment and comparatively short construction 
period. The proliferation of photovoltaic (PV) systems especially has surged dramatically with the 
decreasing initial costs for installation, and increasing government support in the form of renewable 
energy portfolios, feed-in-tariffs, tax incentives, etc. 
 
Traditionally, distribution system and they were designed to operate with unidirectional power flow [2] 
(i.e., from transmission network towards load). However, the addition of distributed resources can cause 
reserve power flow during peak power production. Other challenges associated with the integration of 
photovoltaic [3] are voltage rise, voltage fluctuation, problems while interacting with voltage controlling 
devices such as regulators and capacitors, feeder loading problem, and power loss increase. 
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Nowadays, the inverter used in PV system to convert DC to AC power is smart which has resulted in the 
paradigm shift in PV integration. It can also perform several other auxiliary functions. Dynamic volt-var 
control is one of them. This function helps balance the voltage level within a nominal voltage range by 
consuming or supplying reactive power from/to the grid. If the voltage is above the nominal level, it absorbs 
the reactive power, and if it is below the nominal level, it produces the reactive power to bring the voltage 
back to nominal level.  
 
Vehicles that operate at least partially from electricity are Electric Vehicles (EV). Combination of the 
internal combustion engine and electric motor (run by oil and Battery) or electric motor (run by Battery) 
only are a source of energy for electrical vehicles. Nowadays, Electric Vehicles are becoming widespread: 
recent advanced in battery and electric drive technologies, the desperate need to reduce air pollution in 
urban areas, and to reduce the dependency on non-renewable energy resources (oil). As electricity charges 
battery of Electric Vehicles, these new loads have increased the demand for electricity.  
 
Electric utilities are always making an effort to run their system more efficiently by encouraging the use of 
energy-efficient appliances and customer participation in demand-side management programs. In an 
attempt to further reduce load demand; many utilities regulate the voltage along their distribution feeders 
in a particular way that is referred to as conservation voltage reduction (CVR). The key principle of CVR 
operation is that the ANSI standard voltage band between 114 and 126 volts can be compressed via 
regulation to the lower half (114–120) instead of the upper half (120–126), producing considerable energy 
savings at low cost and without harm to consumer appliances. 
 
As the penetration of distributed PV and EV charging station increases, this can dramatically change the 
conventional demand profile as PV system act as negative loads during the daylight hours, and EVs 
significantly increase load demand during charging. Consequently, traditional means of controlling the 
voltage by capacitor switching and voltage regulators can be improved in this “smart” grid era by adding a 
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fleet of enabling devices including the smart  PV inverter functionalities, such as Volt/VAR) control, and 
smart  EV charging schemes [4]. All these research and development in PV, EV, and CVR have drived me 
to study the effect of PV and EVs penetration on conservation voltage reduction in the distribution system. 
 
1.2 Objectives 
With the increase on the penetration of distributed PV and EV charging station, this can dramatically change 
the conventional demand profile as PV system act as negative loads during the daylight hours, and EVs 
significantly increase load demand during charging. Consequently, traditional means of controlling the 
voltage by capacitor switching and voltage regulators [5] can be improved in this “smart” grid era by adding 
a fleet of enabling devices including the smart  PV inverter functionalities, such as Volt/VAR) control, and 
smart  EV charging schemes [4]. However, there is lacking in the literature on the study of the combined 
effect of PV, EV, and the conventional mean of voltage control available to date. Therefore, the primary 
objective of this thesis is to address how better energy conservation can be achieved by CVR in a modern 
distribution system with advanced distributed PV system and EV loads. OpenDSS interfaced with 
MATLAB is used to model the system.  
 
1.3 Organization 
This thesis consists of five chapters,  
 
● Chapter 1-Introduction: This chapter deals with the introduction, motivation, the objective, and 
Organization of the thesis.   
● Chapter 2-Literature Review: This chapter describes the literature review on photovoltaic 
integration, EV penetration, and Conservation voltage reduction.  
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● Chapter 3 Methodology:  This chapter describes the problem identification, software use, and 
methodology used in our thesis.  
● Chapter 4 Simulation results:  This chapter shows all the simulation results, i.e. energy saving and 
voltage profile variation.  
● Chapter 5 Conclusion and Future Work: This chapter concludes the thesis. Shortcoming and the 
future work are also discussed. 
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CHAPTER 2  
LITERATURE REVIEW  
2.1 Photovoltaics & Advance PV Inverters 
Integration of renewable energy resources in distribution systems has proliferated in past decade [6]. 
Several reasons have driven the growth of these energy resources. These includes global concern over the 
environment, limited supply of fossil fuels, increase of efficiency in renewable technology and decrease in 
the cost of these resources, renewable energy production tax credit, incentives by federal governments, and 
many countries have set the renewable energy production portfolio (which requires the utility companies 
to produce specific percentages of renewable energy. Among renewable energy resources, PV and wind 
have become more popular over the last decade.  
  
Figure 1: Global Solar PV Capacity and Annual Addition. 
This analysis evaluates PV only. PV is a free and readily available, noise-free, and environmentally friendly 
source of energy. The trend in worldwide PV production is as shown in Figure 1. The common system 
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operation and planning challenges associated with the integration of photovoltaic [3] are: reverse power 
flow, voltage rise, voltage fluctuation, problems while interacting with voltage controlling devices such as 
regulators and capacitor, feeder loading problem and power loss increase.  The mitigating measures for 
these challenges are:  operation of PV at fixed non unity leading power factor, upgrading the system devices 
to allow the bidirectional power flow (modifying the control setting of regulator and capacitor bank), 
implementation of dynamic volt-var scheme with either PV inverter or with STATCOM, distributed storage 
(reduce intermittencies), and redistributing the feeder load.  
 
The study of the impact of PV integration in distribution system on socioeconomic factor [7] shows that 
voltage rise is likely to impose the technical limits for more PV penetration.  On the other hand, voltage 
unbalance and overloads found to reduce with the increase of PV penetration when the socioeconomic study 
is taken into consideration. The voltage regulation challenges arise from the uneven PV integration, and 
their solution is studied in [8]. In this study Capacitor Banks (CBs) and On Load Tap Changers (OLTC) 
are coordinated to support the distribution voltage.   
 
Nowadays, the inverter used in PV system to convert DC to AC power is smart which has resulted in the 
paradigm shift in PV integration. It can also perform several other auxiliary functions.These functionalities 
include monitoring and communication of the status of the grid, receiving the instruction from the operation 
center, the capability to make an autonomous decision which helps to improve the grid stability, improving 
the power quality, and providing other ancillary services [9]. The standard function of smart invert includes 
the following [10]. 
● Over/Under frequency and voltage ride through: This function directs smart inverter to stay online 
with minor disturbances. 
● Unintentional islanding protection: This helps disconnect the system during the grid outage which 
protects people and equipment from several damages.  
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● Soft start method: In a distribution system with several PV panels, a disturbance to the distribution 
system can cause a sharp transition to the active power. This abrupt transition can cause voltage or 
frequency fluctuation to the system. This function involves lurching the timing of reconnection of 
the PV systems and limits the triggering of another disturbance.    
●  Dynamic Volt/Var Operation: This function helps balance the voltage level within a nominal 
voltage range. If the voltage is above the nominal level, it absorbs the reactive power, and if it is 
below the nominal level, it produces the reactive power to bring the voltage back to nominal level.  
● Fixed Power Factor: This function helps to maintain the power factor set at any value that benefits 
the particular power system.  
● Ramp rate control: The rate of real power that is fed into a grid can be controlled by the ramp rate 
control function of the inverter.  
Before 2014, the use of distribution resource for voltage regulation was illegal. However, the distributed 
energy resources integration standard (IEEE 1547 a [11]) was amended in 2014 to allow the inverter-based 
generations to involve in the distribution system voltage regulation. Several studies have been done to show 
the effect of smart inverters in the distribution system. The study on the volt-var functionalities of the smart 
inverter has a positive impact on energy saving, voltage fluctuation, and power quality score [4]. In this 
analysis, distribution voltage is supported with the help of reactive power from the smart inverter. A case 
study on California Distribution Feeder [12] shows that PV with smart inverters have flattened the voltage 
profile as compared to PV with normal inverter. This case study also shows that if SI properly sited it could 
act as voltage regulators. However, the line loss increase with the increasing improvement in voltage.  
 
The rigorous voltage stability analysis of grid-connected PV inverter under the simultaneous operation of 
volt-var and volt-watt function is studied in [13]. The analysis reveals that if watt output takes precedence 
over var, the stability vulnerability arises when both volt-watt and volt-var function are in operation. The 
study on voltage and reactive power support by the smart inverter is done by [14]. The result shows that the 
fixed power factor was able to shift the voltage profile up or down with compared to unity power factor and 
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the dynamic volt-var control function was able to significantly flatten the voltage profile and also reduce 
its variability. If the interaction between volt-var and volt-watt function of the smart inverter is not designed 
adequately, it leads to voltage instability [15]. The volt-var operation on high PV penetrated distribution 
system is studied recently [16] which shows that the proper integration with regulator and capacitor results 
in high energy saving and peak load reduction.  
 
2.2 Electrical Vehicles and Charging Characteristics 
From the beginning of 20th century, oil has been the dominant power source all over the world. Due to 
which the supply of oil has been depleted from the environment. If this nonrenewable resource keep 
decreasing and demand keeps expanding, after few years, there will be limited supply of oil and the market 
price will skyrocket. Ultimately, oil will be an unaffordable commodity. This challenge has opened an 
opportunity to think outside the box. There are several types of research ongoing to find alternatives to 
tackle this problem. Solar, wind, hydrogen fuel cells and electricity are some resources developed as 
alternative sources of power for the transportation industry. Among them, electricity has gained the 
significant momentum to power the transportation industry, mostly to fuel the electric vehicle.   
 
 Electric vehicles run at least partially from electricity. Conventional vehicles have gasoline or diesel-power 
engine while the electric vehicles have an electric motor powered by electricity produced from batteries or 
fuel cell. Plug-in electric vehicles (PEV), hybrid electric vehicles, and pure or battery electric vehicles are 
referred as an Electric vehicle. Hybrid electric vehicles can channel the amount of energy lost during 
braking to battery system through regenerative braking, therefore, reduce the total consumption of fuel. 
PEVs have the advantage of two sources of energy, gasoline or diesel driven internal combustion engine 
and battery-driven electric motor so that it can use either battery or the gasoline fuel to operate. If the battery 
gets depleted to some State of Charge (SOC) after some operation, it can switch to the internal combustion 
engine. The battery of a PEV is charged by plugging into the grid. Battery electric vehicles are slightly 
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different then PHEV in that they have only one source of energy. The BEVs are driven by electric motor 
power by a battery, which can be charged by plugging into the grid. The All-electric range (distance that 
can be traveled with battery is called as the all-electric range) of BEV is greater than PHEV. 
 
The development of electric vehicle started from the end of 19th century. Electric vehicle was popular until 
the advancement of the internal combustion engines at the beginning of the 20th century [17]. In New York 
City, the first commercial vehicle was started in 1897 when the NYC streets were full with NYC electric 
taxi. Again, the research and development of electric vehicle were seen at the time of energy crisis (1970s 
1980s). From past decade, due to various environmental concerns and the increase of oil price, it has opened 
an opportunity to focus on electric vehicles. Research shows that the replacement of conventional internal 
combustion engine to an electric car will save 1.5 tons of CO2 production per year. Noise pollution and air 
pollution reduction are also byproduct benefit of the electric vehicle.  
 
The governments around the world have changed their policy in favor of electric vehicle. U.S. government 
provides a tax credit of $2500 to $7500 per electric vehicle purchase to use in the U.S [18]. The high cost 
of battery and unavailability of sufficient charging station are the challenges of EV development. Along 
with that, the demand for electricity will be increased due to the addition of EV.  
 
However, there are several challenges associated with the integration of Electric Vehicles in the Distribution 
System. Depending upon the EVs concentration, charging level, SOC of battery and the charger 
characteristics, there could be wide variety of impact to the distribution system. Voltage unbalance, voltage 
fluctuation, lines and equipment overloading, power loss increase, supply and demand unbalance, and 
instability problems are some of the serious problem resulted by the introduction of EVs [19]. Voltage 
regulation issues, thermal limit violation, and harmonic impact are also the challenges of EVs integration. 
The mitigation measure to these challenges includes maintaining relevant policy and business model. These 
model may time of charging incentive plan, smart metering, monitoring, and other coordinated charging 
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approach. Furthermore, the highly advanced power electronic interface of EVs battery can make it feasible 
to other ancillary services. This integration may include, renewable energy integration, frequency 
regulation, voltage regulation, improving system reliability, reducing peak, tie line flow control, reactive 
power support, etc. This way Electric Vehicles can provide grid service. This integration is called as Vehicle 
to Grid (V2G) integration. To that end, EVs must have the capability to manage to charge or support two-
way communication. Managed charging refers to the technical ability to modulate the electric charging of 
the vehicle through delay, throttling to draw more or less electricity, or switching load on or off. Two-way 
communication means controlled absorption and discharge of power between the vehicle battery and grid 
or vehicle battery and building. V2G is enabled through technologies such as inverters, controls or chargers, 
or programs and product, such as time of use traffic or bundle charging packages [20]. This technology 
must provide reliable service to the EV customers, and additional revenue opportunities while reducing 
risk, system peak, and create cost-saving opportunity to grid operator. Therefore, V2G integration is 
sustainable only when there is a benefit to both customers and utility.  
 
It is estimated that EVs will be used to drive during the daytime to commute to work or for other errands 
and these vehicles will be charged overnight. It may take from few minutes to several hours to charge an 
EV vehicle depending on the size of the battery, and the charging level employed [21]. 
● Level 1 or slowest charging: This uses 120V single-phase AC with a maximum current range of 
12-16 A. We can charge electric vehicles with this level in a home outlet without installing any 
other equipment. Therefore, this charging level can be a typical choice to charge electric vehicles 
at home or the office. Depending upon the size of battery it may take between 8-30 hours for full 
charge. There are some negative impacts on the battery life and the performance of the battery due 
to this slow charging.    
● Level 2 or faster charging: This system uses a 240V, single-phase AC with a maximum current 
range of 32-70A. Some updates may be required at home to use this charging level. Grounding and 
fault protections are essential for the safety of the user in this level of charging. Depending upon 
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the battery size, it may take 2-6 hour to recharge completely. Private home and public outlets can 
upgrade to this level of charging.    
● Level 3 or fast charging:  This is the fastest mean of charging. This system is still in the development 
phase. This charging level is expensive. Therefore, this type of charging will only be built by a 
commercial vendor or by the vehicle company as charging station.  Expensive utility transformer 
is required to upgrade this charging level and other conversion devices. It takes 480V AC or higher 
three-phase circuit, and it draws 50-100 kW power. It is estimated that almost 50% of the battery 
will be charged within 10 minutes. This means that we can fully charge our vehicle while having 
lunch.  
Table 1: AC/DC EV Charging Levels Characteristics as Per SAE J1772 [22] 
Power 
level type 
Voltage 
level [V] 
Current 
capacity
[A] 
Power 
Capacity 
[kw] 
Remark(s) 
AC Level 1 120 V AC 12 
16 
1.4 
1.9 
1-phase supply (EV contains an on-board 
charger)  Charging time            PHEV: 7h 
                                                     BEV: 17h 
AC Level 2 240 V AC Up to 80 19.2 1 or 3-phase supply (EV contains an on-board 
charger)  3.3 kW charger      PHEV: 3h 
                                              BEV: 7h 
7kW charger                      PHEV: 1.5h  
                                            BEV: 3.5 h 
AC Level 3 - - >20 Under development 
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DC Level 1 200-500 V 
DC 
<80 Up to 40 3-phase supply (EV contains an off-board 
charger) 20 20 kW charger          PHEV:22 
min 
                                                BEV 1.2 h 
DC Level 2 200-500 V 
DC  
<200 Up to 100 3-phase supply(EVSE contains an off-board 
charger) 45 kW charger        PHEV: 10 min 
                                              BEV: 20 min 
DC Level 3 200-600 V 
DC 
<400 Up to 240 Under development 
 
Popular charging schemes are [23],  
A. Uncoordinated Charging: In this case, customers charge their electric vehicle whenever they 
want, there is no any schedule of charging. This scenario may increase the peak load demand of 
electricity since customers usually start to charge their vehicle immediately after they arrive 
from the work. This can cause the severe problem of the transformer and feeder overloading and 
an increase of investment cost of the distribution system. It seems clear that there will be an 
overall increase of system peak leading to system efficiency decrease [23]. 
B. Smart Charging or Control Coordinated Charging: In this scenario, the undesirable impact 
of uncoordinated charging are tried to remove through the intelligent control system. The 
charging of the electric vehicle is controlled via a control algorithm developed based on several 
characteristics such as emergency and priority of requirements of the vehicle. Usually, very few 
(emergency only) electric vehicles are charged at the peak-load period. The utility company and 
the customers agree with control and charging process (i.e., the utility company has control over 
the charging process of vehicles). EVs owner is incentivized to make them participate in this 
scheme. An advanced communication protocol is developed to control the charging process. 
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This is better and intelligent way of utilizing the electric grid and benefiting both parties. Vehicle 
owner decreases monthly bill, and the utility company increases revenue and the decreases the 
system peak [23]. 
 
It is noted that battery technology dictates the EV penetration into the energy market. The battery 
technology involves numerous chemistries such as lithium-ion (Li-ion), and nickel metal hydride (NiMH) 
lead acid. The center of the massive penetration of the EVs into the world power market and transportation 
industry relies mainly on the intensive research in the battery technology. This helps in the initial cost 
reduction, vehicle performance (e.g., driving range), and high-profit margin in the power market. In the 
vehicle to grid (V2G) application, the battery life is profoundly affected due to frequent charging and 
discharging cycles. To this end, a real time-advanced communication is a vital ingredient for the 
information exchange especially pricing, energy forecast and EV-driving characteristics among parties. 
Hence, to successfully operate this scenario, the smart grid platform is indispensable [24].  
 
2.3 Voltage Optimization and Conservation Voltage Reduction  
American National Standard Institute (ANSI) has defined the range of allowable utility service voltage 
(Range A) to be in between 114 V to 126 V on 120 V in C84.1 ANSI Standard [25]. In per unit, the range 
is 0.95 to 1.05 p.u. The principle of the CVR is to operate the distribution system at the lower point without 
harming the consumer appliances. Therefore, Conservation Voltage Reduction (CVR) is a technique which 
is used to reduce the energy consumption of a distribution system by reducing the operating point of 
minimum voltage to lower acceptable point. CVR minimizes the energy consumption of voltage-dependent 
loads. Similarly, Voltage Optimization technique is used to flatten the voltage profile, reduce the peak, and 
conserve energy.  
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Considerable CVR test performances were conducted in the 80s and 90s, considerable energy and 
peak demand reduction were achieved. However, the CVR has got considerable attention from the academia 
and the industry in the recent times. The increased stringent requirement for energy saving, the 
environmental concern, and the development of modern smart control and the monitoring technologies in 
the distribution system are the reason behind new attention. 
 
Conservation voltage reduction can be performed in two ways [26]: short-term demand reduction and long-
term energy reduction, as shown in Figure 2. At the peak load period, the voltage reduction is applied to 
reduce the peak demand as shown in the left part of the figure. In case of long-term energy reduction, 
voltage reduction is applied permanently to save the overall energy as shown in the right part of the Figure.  
 
Figure 2: Peak load reduction (left) and the 24-h energy reduction (right) [26]. 
American Electric Power System in 1973 performed the earliest reported conservation voltage reduction 
test in 1973 [27]. After that, many utilities such as Southern California Edison (SCE) [28], Northeast 
Utilities (NU) [29], Bonneville Power Administration (BPA) [30], BC Hydro [31], Northwest Energy 
Efficiency Alliance [32], Hydro Quebec [33], and Dominion Virginia Power [34] conducted their CVR 
tests and obtained energy saving ranging from 0.3% to 1%. Pacific Northwest National Lab [5] researched 
various distribution feeder throughout the United States. They found that there is energy saving of 0.5% to 
4% due to CVR.  CVR was also tested in some other countries such as Ireland [35] and Australia [36]. In 
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Australia, 2.5% voltage reduction resulted in 1% energy saving in a typical distribution feeder and Ireland 
it was achieved 1.7% energy saving.   
2.3.1 CVR’s Benefits 
There are several benefits behind the CVR, the reduction of the energy consumption is one of them, 
however, CVR result the reduction of the revenue to the utilities. Other significant benefits of the 
Conservation Voltage reduction are listed as below [26] 
• Reduction of peak load of distribution system.  
• Reduction of the transformer losses and the distribution line loss.  
• The increase of lifespan of some electrical appliances. 
• Reduction of operating cost during an outage because of a better understanding of the fault location 
(due to advanced communications installed for CVR). 
• The decrease in fuel consumption and greenhouse gas emission.  
2.3.2 Implementation of Conservation Voltage Reduction   
The early open-loop (no voltage feedback) technique used the capacitors, line drop compensators, and load 
tap changers to reduce the voltage. With the development of SCADA (Supervisory control and data 
acquisition system) and the AMI (Advance metering infrastructure), utilities started to use the closed-loop 
voltage feedback volt-var control to reduce the voltage. Along with CVR (conservation voltage reduction), 
control operation, reduction of loss, improvement of power factor, and minimization of voltage reduction 
facilities are also included in these close-loop volt-var control.  
 
LDCs (line drop compensations) and LTCs (load tap changers) are the most commonly used for the voltage 
reduction. The load tap changer typically controls substation secondary voltage. The feeder may limit the 
voltage reduction depth with huge voltage drop. Studies show that on average, the LTCs can reduce the 
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voltage by 2% to 3% [37].  The load tap changer controls the substation voltage in such a manner as it keeps 
a most distant portion of the feeder at a minimum acceptable voltage level (such as 0.95 pu) and rest of the 
feeder can be varied with the changing loads. However, settings of load tap changer are challenging to 
determine and almost impossible to adapt to the changing nature of the distributed load and Distributed 
Energy Resources (DERs). 
 
As one can see, conservation voltage reduction effect can only be applied above the minimum acceptable 
utility voltage level. Usually, almost all utilities keep some safety margin, and they operate above the 
minimum level. Therefore, there is relatively small voltage reduction potential in the utility feeder. 
Conservation voltage reduction effect can be increased by coordinating switching capacitors with other 
voltage control methods (such as LTC/LDC). The more near the minimum voltage of the system to the 
minimum acceptable voltage point is, the more will be the conservation voltage reduction effect and more 
energy saving for a feeder for same CVR factor. The voltage reduction is minimum for a circuit with a 
significant amount of voltage drop. To efficiently implement CVR, the flat voltage profile (the difference 
between the minimum and maximum voltage) throughout the feeder is always preferred. The voltage profile 
can be flattened by installing capacitors at multiple locations of the feeder. Capacitors also provide other 
benefits such as power loss reduction and power factor correction. By placing capacitors at various 
locations, it is possible to flatten the voltage profile, correct the power factor to near unity, and reduce 
power losses [38].  
 
The modern trend in the distribution system is to integrate Distributed Energy Resources. The conservation 
voltage reduction and the integration of DER are a new trend in the distribution system to reduce the energy 
consumption. There are two research topics that shows the relationship between the CVR and the DER 
integration [26]: 
1. Improvement of voltage profile and the reduction of power loss from proper sizing and placement 
of DERs. 
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2. The coordination between the volt-var control and DERs to further improve the CVR effect.  
Voltage deviation minimization through the feeder and power loss minimization are closely related to CVR. 
2.3.3 Use of Distributed Energy Resources for Conservation Voltage Reduction 
Previously, distributed energy resources were not allowed to participate in the voltage reduction. However, 
the distributed energy resources integration standard (IEEE 1547 a [11]) was amended in 2014 to allow the 
inverter-based generation to participate in the distribution system voltage regulation. Now, if a distribution 
system contains PV with a smart inverter at various locations, this amendment allows an opportunity to use 
this inverter to regulate the secondary voltage which results in the regulation of the primary voltage. This 
was previously not possible with distribution voltage regulation equipment. The autonomous volt-var 
control functions of the smart inverter allow one to flatten further and reduce the distribution voltage. This 
is because of the smart inverter’s ability to control the reactive power output and bring the terminal voltage 
towards VVC (Volt-Var Curve) center [4]. A volt–var curve is a decentralized and autonomous form of 
voltage control that defines the relationship between the desired reactive power output of an inverter, and 
the local voltage at the inverter point of connection [39]. Typical curves will usually center around a 
nominal voltage, with a sloping or dead-band region in between. VVC of a smart inverter is as shown in 
Figure 3 [4].  The smart inverter will read the voltage around and calculate the amount of reactive power to 
be absorbed or injected based on this curve. Voltage level can be raised by injecting the reactive power, 
and the voltage level can be lowered by consuming the reactive power.  
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Figure 3: The Volt-Var Curve of the Inverter. 
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CHAPTER 3 
METHODOLOGY 
This chapter briefly describes the problem statement, load modeling, and methodology used in this thesis 
for the modeling of distribution systems. 
 
3.1 Optimization Problem 
Our Main Objective is to reduce the annual energy consumption of distribution systems by controlling the 
operation of Capacitor Banks, Regulators and Smart Inverters of Photovoltaic. There are several other ways 
to minimize annual energy consumption. However, this analysis reduces annual energy consumption by 
only applying conservation voltage reduction technique.  
Objective function:  
𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝑇𝑜𝑡𝑎𝑙 𝐴𝑛𝑛𝑢𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 
In mathematical form, we can write,  
𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒 ∑(𝑃𝑇𝐻
𝑇
𝐻=1
+ 𝑃𝑃𝑉𝐻) 
Where,  
𝐻 = 𝑡𝑖𝑚𝑒 𝑖𝑛 ℎ𝑜𝑢𝑟𝑠 
𝑃𝑇𝐻 = 𝑇𝑜𝑡𝑎𝑙 𝑠𝑢𝑏𝑠𝑡𝑎𝑡𝑖𝑜𝑛 𝑃𝑜𝑤𝑒𝑟 𝑎𝑡 𝑡ℎ𝑎𝑡 𝑝𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑎𝑟 𝑡𝑖𝑚𝑒  
𝑃𝑃𝑉𝐻 = 𝑇𝑜𝑡𝑎𝑙 𝐴𝑐𝑡𝑖𝑣𝑒 𝑝𝑜𝑤𝑒𝑟 𝑝𝑜𝑟𝑑𝑢𝑐𝑒𝑑 𝑏𝑦 𝑎𝑙𝑙 𝑃𝑉 𝑠𝑜𝑢𝑟𝑐𝑒𝑠 𝑎𝑡 𝑡ℎ𝑎𝑡 𝑝𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑎𝑟 𝑡𝑖𝑚𝑒 
Constraints,  
1. The voltage at each bus must be within the limit 
𝑉𝑚𝑖𝑛 ≤ 𝑉𝑖 ≤ 𝑉𝑚𝑎𝑥 
Where,  
20 
 
𝑉𝑖 = 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 𝑎𝑡 𝑏𝑢𝑠 𝑛𝑢𝑚𝑏𝑒𝑟 𝑖  
𝑉𝑚𝑖𝑛 = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑙𝑖𝑚𝑖𝑡 
𝑉𝑚𝑎𝑥 = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑙𝑖𝑚𝑖𝑡 
2. Total power consumed by load and power loss must be equal to total generated power(supplied 
from substation and PV sources) 
𝑃𝑔𝑖 − 𝑃𝐶𝑖 = 0 
𝑄𝑔𝑖 − 𝑄𝐶𝑖 = 0 
3.2 Load Modeling 
Knowing the nature of load is a most important function of our work. Because of the complex behavior of 
the load, load model is classified as a load with thermal cycle and load without thermal cycle [5]. In case 
of load without thermal cycle there is no feedback loop. Therefore the load without thermal cycles consumes 
energy in a time-invariant manner except voltage variation. For example, the energy consumption by the 
light bulb is a function of voltage (fixed pattern) when connected to power source. Load with thermal cycle 
such as water heater, however, depends on the time-varying duty cycle depending upon the supplied 
voltage. That is, when the supplied voltage is low, it will consume less power. However, it will stay on for 
a long period to heat the same amount of water. Detail load modeling is out of the scope of this thesis, 
therefore, in this analysis already built ZIP load modeled is used to analyze the voltage dependency of the 
load. The element of ZIP model, constant impedance (Z), constant current (I), and the constant power (P) 
are time independent. The circuit representation of ZIP model is as shown in Figure 4.  
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Figure 4: ZIP Model Representation of a Circuit [40] 
The total real and the reactive power consumed by the ZIP model is expressed as [40], 
𝑃𝑖 =
𝑉𝑎
2
𝑉𝑛2
. 𝑆𝑛. 𝑍%. 𝑐𝑜𝑠 (𝑍𝜃)  +
𝑉𝑎
𝑉𝑛
. 𝑆𝑛. 𝐼%. 𝑐𝑜𝑠 (𝐼𝜃)  + 𝑆𝑛. 𝑃%. 𝑐𝑜𝑠 (𝑃𝜃)  
𝑄𝑖 =
𝑉𝑎
2
𝑉𝑛2
. 𝑆𝑛. 𝑍%. 𝑠𝑖𝑛 (𝑍𝜃)  +
𝑉𝑎
𝑉𝑛
. 𝑆𝑛. 𝐼%. 𝑠𝑖𝑛 (𝐼𝜃)  + 𝑆𝑛. 𝑃%. 𝑠𝑖𝑛 (𝑃𝜃)  
1 = 𝑍% + 𝐼% + 𝑃% 
 
Where: 
𝑃𝑖: Consumption of Real power by the 𝑖
𝑡ℎ load 
𝑄𝑖: Consumption of Reactive power by the 𝑖
𝑡ℎ load 
𝑉𝑎: Actual terminal voltage 
𝑉𝑛: Nominal terminal voltage 
𝑆𝑛: Consumption of Apparent power at nominal voltage 
𝑍%: Constant impedance  
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𝐼%: Constant current load fraction 
𝑃%: Constant power load fractionz 
𝑍𝜃: Phase angle of Z 
𝐼𝜃: Phase angle of I 
𝑃𝜃: Phase angle of P 
We can see from above equations that how power consumption varies according to the different voltage 
level. The first part of the equation is constant impedance load in which power consumed by the load is 
directly proportional to the square of the supplied voltage. Second part of the equation is constant 
impedance load in which power consumed by the load is directly proportional the supplied voltage. The 
last port of the equation is constant power load in which power consumed by the load does not depend on 
the supplied voltage. Above equation shows the voltage-dependent behavior of the ZIP model, especially 
six constants 𝑍%, 𝐼%, 𝑃%, 𝑍𝜃, 𝐼𝜃, and 𝑃𝜃. The CVR is depends upon the change of the voltage level in the 
feeder, it is critical to understand the voltage dependency of the load. Specifically, what are the six 
constants that accurately reflect various end use loads? For example heating ,element which is clearly 
100% Z load, but the nature of other complicated load such as liquid crystal display (LCD) or CFL the 
proper ratio is not apparent. Researchers from PNNL [40] has attempted to determine the nature of some 
load as shown. 
3.2.1 Incandescent Light Bulb (70W)  
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Figure 5: Voltage-Dependent Energy Consumption of 70 W Incandescent Lamp 
Table 2: Fraction of ZIP Parameter (Incandescent Lamp) 
 
 
3.2.2 Magnavox Television (Cathode Ray Tube) 
 
 
Table 3: Voltage Dependent Energy Consumption of CRT Television 
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Table 4: Fraction of ZIP Parameters (CRT Television) 
 
 
3.2.3 Oscillating Fan 
 
 
Figure 6: Voltage-Dependent Energy Consumption of Oscillating Fan 
Table 5: Fraction of ZIP Parameters (Oscillating Fan) 
 
4.2.4 Compact Fluorescent Lamp (CFL 42W) 
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Figure 7: Voltage Dependent Energy Consumption of Compact Fluorescent Lamp (CFL 42W) 
Table 6: Fraction of ZIP Parameters (CFL 42W) 
 
4.2.5 Plasma TV- Sony 
 
 
Figure 8: Voltage-Dependent Energy Consumption of Plasma TV-Sony 
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Table 7: Fraction of ZIP Parameters (Plasma TV-Sony) 
 
The above plots contain the real and reactive power consumption, 𝑃𝑚 and 𝑄𝑚 respectively, for various 
end use loads. The red line in the plot indicate the voltage response curve by using the fitted ZIP values. 
From above plots it is seen that the six parameter can be positive or negative, each load seems to contain 
some portion of the all parameters. All we can ensure that the change in supply voltage can change the 
energy consumption.  
3.2.6 Electric Vehicle 
 
Figure 7 [41] shows power consumption pattern of an Electric Vehicle. 
 
 
Figure 9:  Battery Voltage and Active and Reactive Power Drawn by the Charger. 
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Table 8: Fraction of ZIP Parameters (EV-charger) 
 
 
 
 
3.3 Software Used 
As Distribution System deals with various time series analysis, we need to have a simulator that is capable 
of performing Quasi-Static Time-Series Simulation at high resolution.  
 
There are large numbers of tools available commercially, and also a few are available as open source to 
model the electricity distribution system. CYMDIST, GRIDLAB-D, OpenDSS, and WINDMILL are few 
of them which can solve unbalanced 3-phase distribution system power flow. All of them have their pros 
and cons. After careful investigation, OpenDSS was chosen to simulate our work according to our 
simulation requirement. The OpenDSS is interfaced with MATLAB to solve the optimization problem to 
obtain the greatest amount of annual energy saving. The following section describes in detail about all the 
tools with their capability that has been used in this thesis. 
3.3.1 OpenDSS 
The Open Distribution System Simulator (OpenDSS, or simply, DSS) is a comprehensive electrical system 
simulation tool for electric utility distribution systems. Electric Power Research Institute (EPRI) [42] 
developed this tool. It can operate as a stand-alone executable program as well as a COM DLL to integrate 
with the various other software platforms. There is a basic user interface on the solution engine in the 
executable version that helps the users to develop the script and view the solution.  
ZIP Values 
Zp Ip Pp Zq Iq Pq 
Electric Vehicle -0.0886 0.2952 0.7934 -0.3994 2.2967 -0.8973 
28 
 
OpenDSS mainly supports all the frequency domain (i.e., steady-state) analysis usually performed for 
electricity distribution system. Along with that, it helps various new types of study that are designed to meet 
modern smart grid needs. OpenDSS can perform analysis and planning of distribution system, analysis of 
general multi-phase unbalance AC circuit, DG interconnection analysis, simulation of annual loads, 
simulation of PVs and wind plants, unusual transformer analysis, inter-harmonics and harmonic analysis, 
simulation of neutral-to-earth voltage, and various IEEE test feeder case studies. 
 
COM interface helps the user to add other solution models and features from external tools and perform the 
simulator function such as model data definition. Therefore, the DSS could be implemented entirely 
independently of the definition of any database or fixed text file circuit. For example, it can be driven solely 
by an MS Office tool through VBA, or from any other 3rd party analysis program that can handle COM. 
Users usually interface OpenDSS with familiar Math work MATLAB program. MATLAB interface can 
support powerful external analytical capabilities. Its graphics is an excellent source to plot the results. These 
benefits of MATLAB have generated remarkable interest among utilities to perform various 
interconnection studies of their distribution network in OpenDSS. We have interfaced OpenDSS with 
MATLAB for our analysis. 
 
The nominal OpenDSS structure is as shown in figure 10. As figure 10 shows, the simulation engine can 
be started in following ways 
▪ OpenDSS scripts: User defines their circuit in the script and solves them.  
▪ COM interface: Various sources such as MATLAB, VBA, Python are used to drive the OpenDSS 
externally. 
▪ User Written DLL: In this case, various models developed by the user (customize) are merged in 
the simulation engine by writing suitable DLL for them and linking that model to the engine. 
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Figure 10: OpenDSS Configuration 
3.3.2 OpenDSS Solution Model and GUI  
The 5 Figure shows how a distribution feeder data can be modeled in OpenDSS. The modeled feeder can 
then be analyzed under a steady state or a Time-varying state depending on the research. It also offers a 
COM capability that helps in interfacing with the external program as described above. 
 
OpenDSS simulates to solve the Power flow. As seen in Figure 11, first, a circuit model is defined, and a 
substation is started from the system. The substation is modeled as the infinite power source from where a 
load tap changer and transformer are defined to reduce the voltage to distribution system level that we need. 
All the line parameters are defined from the line data. Switch, capacitor bank, and regulator (if there any) 
are also defined. All the load are allocated at respective node. This forms the basis of the OpenDSS 
modeling, after that, if the load are changing according to the time and if we have to perform time series 
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analysis, the load pattern can be read from CSV file defined in the same folder as that of OpenDSS model 
is defined.  
 
Figure 11: OpenDSS Distribution System Modeling. 
There are several solution models available in the OpenDSS such as dynamic power flow, dynamics, 
harmonics, and power flow as shown in Figure 12. For our thesis, we will use dynamic power flow and 
yearly simulation mode to model the system for one whole year. 
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Figure 12: Various Solution Models of OpenDSS. 
The user-friendly GUI of openDSS helps to model the system in a clear way and to define every element 
separately. It even provides the user with different solving modes that help in analyzing the same circuit in 
a broader range. Being open source, programmers can freely make the changes in the source code and 
customize the properties of OpenDSS according to their requirement.  Again, it is to be noted that OpenDSS 
does its analysis in the frequency domain. 
 
Figure 13 shows the GUI of OpenDSS with IEEE 13 Bus feeder element. Having such kind of modeling, 
it helps the users to identify the errors as the code is formulated in the form of sections with each section 
representing the data of an element (transformers, regulators, capacitors, wires, switches, etc.).   
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Figure 13: OpedDSS GUI with 13 Bus Feeder 
 
 
Figure 14: Summary of 13 Bus System Provided by OpenDSS. 
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Once the feeder has been modeled, the solution mode can be selected as desired and the feeder is solved in 
a steady state or in the time-varying state. Figure 14 gives an example of one of the results provided by 
OpenDSSS for IEEE 13 Node Feeder. It gives the summary of the entire circuit after being solved in 
OpenDSS in a snapshot mode with Total iterations of 11 and three control iteration at a frequency of 60Hz. 
3.3.3 MATLAB 
MATLAB®, Matrix Laboratory, is a comprehensive high-level language and mathematical computing 
software for the development of logic, analysis and visualization of data, and various numerical 
computation. Most important special features of MATLAB are [43].  
• Providing an environment for design, programming and solving complex problems 
• Capability to perform high-level technical computation 
• Integrating various components such to guess the data and the tools which help to custom the plots. 
• Capability to integrate with various external applications such as FORTRAN, JAVA, C, Excel, etc. 
• Capability to interface with custom developed models. 
In this thesis, various MATLAB functions have been used to efficiently develop the volt-var optimization 
and the inverter control function to compute respective energy saving. The total energy consumption, 
voltage constraints check, regulator and capacitor optimization and various inverter control are modeled in 
MATLAB which are interfaced with OpenDSS to obtained desired results. 
3.3.4 COM Interface 
OpenDSS possess the advantage of having a COM interface capability that makes it a much powerful and 
a superior tool to perform QSTS. The external program can utilize the functionalities of OpenDSS and 
control the flow of data from and to OpenDSS. In this thesis, OpenDSS is interfaced with MATLAB. The 
process has been explained in figure 15. Matlab is one of the most widely used simulation tool. We have 
developed the control algorithm required to control various elements such as a capacitor, regulator, and 
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smart inverter to make the system to operate to a lower voltage level(114V) as possible so that there will 
be significant amount of energy saving.     
 
Figure 15: Proposed Model for OpenDSS and MATLAB. 
 
3.4 Simulated Volt-Var Optimization Algorithms 
3.4.1 Capacitor Optimization:  
Various combinations of capacitors formed and optimized to get flattest voltage profile. From this 
combination, we choose the combination of the capacitor which gives the smallest difference between the 
minimum and maximum voltage (flat voltage profile). Capacitor Optimization is as shown in figure 16.  
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Figure 16: Capacitor Optimization and Regulator optimization 
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3.4.2 Regulator Optimization: 
The regulators are optimized by keeping the feeder voltage just above 0.95. The lowest possible voltage 
was obtained by changing the TAP position of the regulator. Figure 16 shows a flowchart of regulator 
optimization algorithm.  
3.4.3 Involvement of Smart Inverter:  
Inverter control mode from the smart inverter of OpenDSS, the combi mode is used. Combi mode is a dual 
mode in which Var or Watt priority functional is possible, i.e.; we can preference our output according to 
our requirement. If we need more active power, then we can activate Watt priority mode, and if we need 
Var to absorb or supply reactive power, then we can enable Var priority mode. In this work, we want to 
reduce the annual energy consumption by operating the system voltage at the lowest possible point. In this 
case, active power curtailment was limited to 10% of the KVA rating of the inverter. For a full-load power 
factor of 0.8, the maximum reactive power limit of 60% was selected to represent the inverter active power 
curtailment capability of the inverter. More real power can be curtailed and save more annual energy 
consumption. However, this can reduce the active power produced by the inverter. So, there is a tradeoff 
between the yearly energy saving and the active power production. The smart inverter optimization was 
performed based on the VVC of the inverter. Figure 17 shows this process. The VVC curve selection is 
described in the section below.  
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Figure 17: Smart Inverter Optimization 
3.4.4 PV inverter, EV loads, Capacitor, and Regulator Together:  
PV inverter, EV loads were arranged together and optimize to reduce the annual energy consumption by 
keeping the voltage within ANSI standard. Figure 18 shows the flowchart of combine control algorithms.  
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  Figure 18: Integration of Capacitor, Voltage regulator, Smart Inverter and EVs Together 
39 
 
3.5 PV System Modeling and Allocation 
The existing feeder does not contain any PV system. We installed PV panels at various location at various 
level of penetration randomly. We have placed the PV according to the voltage mismatch at a different 
node.  PV system Object of OpenDSS has been used to model the PV system, and the InvControl function 
on the OpenDSS has been used to model the inverter of the PV system.  
 
PV penetration is such that the 100% PV penetration means the total amount of PV power is equals to the 
real peak power. There are several limitations with the device rating. Therefore we consider the maximum 
VAR rating of 60 % of the inverter rating for the Volt-Var control. That is when the Active power 
production is 80% no active power curtailment is necessary as seen in the Figure 19 [4]. As already 
mentioned in the previous section maximum of 10% Active power is curtail when we need the more reactive 
power.  
 
Figure 19: Diagram Showing the Inverter Capacity with Reactive Power Capacity Range [3]. 
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3.6 Volt-VAR Curve Selection 
To optimize the smart inverter of the PV system the VVC curve selection is very important. The VVC 
function was selected in such a way that it can automatically respond according to the voltage at the inverter 
terminals. The InvControl object of the OpenDSS is used to determine the output of the smart inverter and 
solve the power flow with the updated values. As seen in the following figure 20 the VVC curve can be 
defined by three component, VVC width, VVC center and the VVC dead bandwidth. 
 
Figure 20: VVC Setting with VVC Center, VVC width, VVC Dead Bandwidth [3]. 
When smart inverter operates at VVC center voltage in that case no VAR support is needed. VVC width 
determines the total amount of reactive power that must be provided by the smart inverter to move the 
voltage towards VVC center. It also determines the slope of the curve. In VVC dead bandwidth range the 
inverter does not provide any reactive power. VVC curve was selected so that the annual energy saving is 
maximum. In this process  
1. First, the difference between the minimum and maximum (Orange) is measured at the peak load.  
2. Determining the VVC center, which results in the maximum energy saving 
3. Using the above VVC center VVC width is determined. 
4. Finally, by using above values best VVC dead bandwidth is determined.  
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CHAPTER 4 
SIMULATION RESULTS 
To demonstrate our work, we have selected two IEEE distribution system feeders, i.e., IEEE 37 bus system 
and the IEEE 123 bus system. For each bus, various PV penetration, smart inverter functionalities, and 
effect due to EVs are studied to quantify the impact on the total annual energy saving.  
4.1 IEEE 37 Node Test Feeder 
4.1.1 System Model Description 
This is a real feeder of California. Characteristics of this feeder include the operating voltage 4.8 
kV, delta configured, and underground line segment. There are two open-delta single phase 
regulators and unbalance spot loads. This type of configuration is relatively uncommon. Figure 21 
shows IEEE 37 feeder.  
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Figure 21: IEEE 37 Node Test Feeder 
 
Table 9 shows the system characteristics of our first feeder (IEEE 37 Node Test Feeder). The total peak PV 
penetration is 2.4 MW which is the around 250% of the gross-minimum load and almost 100% of the peak 
load. There are two single-phase delta connected regulators. There are no capacitor banks in this circuit. 
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Table 9. IEEE 37 Node Test Feeder Characteristics. 
Model Property Value 
Substation Bank Size 2.5 MVA 
Circuit Primary Voltage 4.8 Kv 
Peak Bank Load 2.237 MW 
LTC Settings ( AB and CB open Delta) Base=122 R=1.5 X=3 PT ratio =40 
Capacitor Banks  0 
 
4.1.2 Annual Load and PV data’s 
For CVR analysis, the dependency of load to the voltage must be known. OpenDSS defines loads in 
following way, 
𝑚𝑜𝑑𝑒𝑙 1 =  𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑃 + 𝑗𝑄 𝑙𝑜𝑎𝑑, 𝑚𝑜𝑑𝑒𝑙 2 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 𝑙𝑜𝑎𝑑,  
𝑚𝑜𝑑𝑒𝑙 3 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑃, 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑄 𝑙𝑜𝑎𝑑 (𝑙𝑖𝑘𝑒 𝑎 𝑚𝑜𝑡𝑜𝑟),  
𝑚𝑜𝑑𝑒𝑙 4 =  𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐿𝑖𝑛𝑒𝑎𝑟 𝑃, 𝑄𝑢𝑎𝑑𝑟𝑎𝑡𝑖𝑐 𝑄 (𝑓𝑒𝑒𝑑𝑒𝑟 𝑚𝑖𝑥) 𝑤𝑖𝑡ℎ 𝐶𝑉𝑅 𝑓𝑎𝑐𝑡𝑜𝑟,  
𝑚𝑜𝑑𝑒𝑙 5 =  𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒, 𝑚𝑜𝑑𝑒𝑙 6 =  𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑃, 𝐹𝑖𝑥𝑒𝑑 𝑄,  
𝑚𝑜𝑑𝑒𝑙 7 =  𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑃 𝑓𝑖𝑥𝑒𝑑 𝐼𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 𝑄 And 
𝑚𝑜𝑑𝑒𝑙 8 =  𝑍𝐼𝑃𝑉 (7 𝑣𝑎𝑙𝑢𝑒𝑠).  
Among these load model type, only model 4 and model 8 can show the effect of the voltage change on the 
load. For load model type 4 we require Nominal Linear P, Quadratic Q, and the CVR factor. The CVR 
factor determination is a daunting task. There are seven values in the ZIPV. Three real factors for each ZIP 
(sum must be 1), three reactive factors for each ZIP (sum must be 1), and finally a cutoff voltage. The 
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meaning of cutoff voltage is, when the system voltage is below this cut off range, no load will consume 
power.  For our two example, we will use the ZIP parameter obtained from an experiment [44]. Table 10 
summarizes ZIP parameters.  
Table 10. ZIP Parameters Used. 
Parameters Weighing factor for Real 
power 
Weighing factor for 
reactive power 
Z 0 12.2 
I 0.45 -20.4 
P 0.55 9.2 
Total 1 1 
Cut off Voltage 0.92 (up) 
 
The load patterns have been taken from EPRI example set. Due to lack of real feeder data, we are not getting 
exact result that we desired. Figure 22 shows Sample load pattern.  
 
Figure 22: Sample Load Pattern. 
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The temperature and irradiance variation in one-hour resolution for a year is taken from EPRI example set. 
Figure 23 shows the irradiance and ambient temperature pattern.  
 
Figure 23: Sample Irradiance and Ambient Temperature Data Pattern. 
4.1.3 Simulation Results  
4.1.3.1 Base Case 
At base case, the PV system is removed from the feeder. Total annual load demand is calculated by 
summing the per hour power demand. Figure 24 shows the annual substation demand in 1-hour resolution 
at Base Case and figure 26 shows annual substation demand in 1-hour resolution after CVR. Before 
implementation of VO total energy demand is 12534 MWh and 12343 MWh after VO implementation, 
reduced by 1.53%. 
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Figure 24: Annual Load Demand at Base Case (37 Bus, without EVs). 
 
Figure 25: Load Demand at Base Case for January (37 Bus, without EVs). 
 
0
0.5
1
1.5
2
2.5
1
2
9
3
5
8
5
8
7
7
1
1
6
9
1
4
6
1
1
7
5
3
2
0
4
5
2
3
3
7
2
6
2
9
2
9
2
1
3
2
1
3
3
5
0
5
3
7
9
7
4
0
8
9
4
3
8
1
4
6
7
3
4
9
6
5
5
2
5
7
5
5
4
9
5
8
4
1
6
1
3
3
6
4
2
5
6
7
1
7
7
0
0
9
7
3
0
1
7
5
9
3
7
8
8
5
8
1
7
7
8
4
6
9
T
o
ta
l 
P
o
w
e
r 
M
W
Time in 1- hour Resolution (Jan 1 to Dec 31) 
Hourly Load Demand for a year at Base Case
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
1
2
8
5
5
8
2
1
0
9
1
3
6
1
6
3
1
9
0
2
1
7
2
4
4
2
7
1
2
9
8
3
2
5
3
5
2
3
7
9
4
0
6
4
3
3
4
6
0
4
8
7
5
1
4
5
4
1
5
6
8
5
9
5
6
2
2
6
4
9
6
7
6
7
0
3
7
3
0
T
o
ta
l 
P
o
w
e
r 
D
e
m
a
n
d
 M
W
Time in 1-hour resolution
Hourly Load Demand for January at Base 
Case
47 
 
 
Figure 26: Annual Load Demand after CVR (37 Bus, without EVs)  
 
Figure 27: Load Demand after CVR for January (37 Bus, without Evs) 
The Figure 28 shows maximum voltage before and after VO implementation and Figure 30 shows the 
minimum after VO implementation. We can see from the Figure; the minimum voltage ranges from 0.958 
to 1.016 before the application of CVR and 0.9505 to 0.98 after implementation. 
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Figure 28: Annual Maximum Voltage for Base Case and with CVR (37 Bus, without EVs) 
 
Figure 29: Maximum Voltage of January for Base Case and with CVR (37 Bus, without EVs) 
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Figure 30: Annual Minimum Voltage at Base Case and with CVR (37 Bus, without EVs). 
 
Figure 31: Minimum Voltage of January for Base Case and with CVR (37 Bus, without EVs) 
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Figure 32: Voltage Profile at Minimum and Maximum load for Base Case (37 Bus, without EVs). 
  
Figure 33: Voltage Profile at Minimum and Maximum Load with VO Implementation (37 Bus, without 
EVs). 
 
4.1.3.2 With Different Level of PV Penetration:  
 
The various scenario of PV penetration, 25%, 50%, 83.3%, and 100% have been simulated. PVs have been 
installed randomly. There is variation in smart inverter penetration scenario as well. This work considers 
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only steady-state voltage and current. It does not consider generation ramp rates, protection, and 
coordination, or other issues that might impact maximum feeder PV penetration. Table 11 shows the 
maximum, minimum, and average voltages at various PV penetration and Inverter density for voltage 
regulation.  
Table 11. Minimum, Maximum, and Average Voltage at Various PV (without EV) and Inverter 
Integration (37 Bus). 
Scenario Voltages 
PV penetration Smart Inverter activated Maximum Minimum Average 
 
 
50 
0 % 1.02 0.95 0.9893 
25 % 1.0287 0.95 0.9910 
50 % 1.0197 0.9504 0.9868 
 83.33% 1.0188 0.95 0.9857 
100 1.0115 0.95 0.9853 
75 0 % 1.0194 0.95 0.9903 
25% 1.020 0.95 0.9899 
50% 1.21 0.9504 0.9874 
83.33% 1.0121 0.9503 0.9863 
100% 1.0117 0.95 0.9862 
 
 
100 
0 1.0197 0.95 0.99 
25 1.0212 0.9506 0.99 
50 1.0224 0.9502 0.9880 
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83.33 1.0156 0.9513 0.987 
100 1.0123 0.95 0.9856 
 
Figure 34, 35, and 36 show the plot of maximum, minimum, and average voltage at various PV penetration 
and inverter density.  
 
Figure 34: Maximum Voltage at Various PV and SI Penetration (37 Bus, without EVs).  
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Figure 35: Minimum Voltage at Different PV and SI Penetration (37 Bus, without EVs)  
 
 
Figure 36: Average Voltage at Various PV and SI Penetration (37 Bus, without EVs) 
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The energy saving resulted from the voltage reduction by PV penetration, and Smart inverter density for 
IEEE 37 node feeder is shown in table 12.  
Table 12. Total Energy Saving at the Various Condition (37 Bus, without EVs). 
 
Energy Saving in percentage 
Smart inverter activated 
0% 25% 50 % 83.33% 100 % 
 
Percentage of PV 
penetrated 
50 % 2.10 2.12 2.4 2.42 2.47 
75 % 2.21 2.27  2.5 2.5 2.53 
100 % 2.27 2.38 2.45 2.51 2.67 
 
 
4.1.4 Including EV loads 
To simulate the CVR effect on OpenDSS we have to model the distribution system load on ZIP format or 
Linear P, Quadratic Q (feeder mix) with CVR factor. We have used ZIP load model format to model our 
system. ZIP modeling of EV is not a typical topic; there are very few literature on this. We have taken 
ZIP data of EV from [41], table 13. 
Table 13. ZIP Parameter for EV Charging Condition. 
Zp -0.0886 
Ip 0.2952 
Pp 0.7934 
Zq -0.3994 
Iq 2.2967 
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Pq -0.8973 
 
In this case due to lack of ZIP model data from real EV loads. We have made some assumption to create 
our data. The Electric Vehicle battery size is taken as 30kWh. For this Feeder, we are adding 100 vehicles 
in phase-A, 150 in phase-B, and 125 in phase-C. Among this vehicle 20% of them come back from work 
with 20% SOC left, 60% EVs come home with 40% SOC left, and rest 20% come with 60% SOC charge 
left on their battery. We have assumed that all of this vehicle wish to be fully charged before they go to 
work next day. We have also considered different charging level, 50% of them are charged with level 1 
charger (1.9kW), and another 50% are charged with level 2 charger (3.3kW). We have randomly distributed 
these vehicle thorough out the feeder. We have used pf of the electric vehicle load as 98%. Figure 37 shows 
sample load pattern.  
 
Figure 37: EVs Sample Load Pattern. 
4.1.4.1 Base Case 
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At Base case, the total annual energy consumption is 12030 MWh, and after the implementation of CVR 
(Regulator Control), total Energy consumption is 11720, a 2.57 % energy saving. Figure 38 shows the 
annual load demand at Base Case and figure 40 shows the annual load demand with VO implementation.  
 
Figure 38: Annual Load Demand at Base Case (37 Bus, with EVs) 
 
Figure 39: Load Demand of January at Base Case (37 Bus, with EVs). 
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Figure 40: Annual Load Demand with CVR (37 Bus, with EVs) 
 
Figure 41: Load Demand of January with CVR (37 Bus, with EVs) 
The minimum and Maximum Voltage before and after the implementation of VO is as shown in the 
figure 42 and 44.  
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Figure 42: Annual Maximum Load ((37 Bus, with EVs)\ 
 
Figure 43: Maximum Load of January (37 Bus, with EVs) 
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Figure 44: Annual Minimum Load ((37 Bus, with EVs) 
 
Figure 45: Minimum Load of January (37 Bus, with EVs). 
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Figure 46: Voltage Profile at Minimum and Maximum Load at Base Case (37 Bus, with EVs) 
         
Figure 47: Voltage Profile at Minimum and Maximum Load with CVR (37 Bus, with EVs) 
4.1.4.2 With Different Level of PV Penetrations 
 
The various scenario of PV penetration, 25%, 50%, 75%, and 100% have been simulated. PVs have been 
installed randomly. There is variation in smart inverter density as well. Table 14 shows the maximum, 
minimum, and average voltages at various PV penetration and Inverter density for voltage regulation.  
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Table 14. Minimum, Maximum, and Average Voltage at Various PV and Inverter Integration (37 Bus 
with EVs). 
Scenario Voltages 
PV penetration Smart Inverter activated Maximum Minimum Average 
 
 
50 
0 % 1.01 0.95 0.9693 
25  1.0087 0.95 0.9710 
50  1.00 0.9504 0.9668 
 75 1.0078 0.95 0.9657 
100 1.000 0.95 0.9653 
75 0 1.0084 0.95 0.9703 
25 1.009 0.95 0.9699 
50 1.011 0.9504 0.9674 
75 1.0011 0.9503 0.9663 
100 1.000 0.95 0.9662 
 
 
100 
0 1.008 0.95 0.97 
25 1.0012 0.9506 0.97 
50 1.0024 0.9502 0.9680 
75 1.0046 0.9503 0.976 
100 1.001 0.95 0.9656 
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The energy saving resulted from the voltage reduction at various level of PV penetration smart Inverter 
density for IEEE 37 node feeder is shown in table 15.  
 
Table 15. Total Energy Saving at the Various Condition (37 Bus with EVs). 
 
Energy Saving in percentage 
Smart inverter activated 
0% 25% 50 % 75% 100 % 
 
Percentage of PV 
penetrated 
50 % 2.63 2.72 2.84 2.89 2.93 
75 % 2.65 2.77 2.91 2.95 3.03 
100 % 2.74 2.83 2.93 3.02 3.14 
 
 
4.2 IEEE 123 Bus Feeder 
This feeder operates at 4.16 kV nominal voltage. This feeder is larger than 37 bus system. Overhead 
and underground lines characterize this feeder, unbalance loading with constant current, impedance, 
and power, four voltage regulators, shunt capacitor banks, and multiple switches. Figure 48 shows IEEE 
123 feeder.  
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Figure 48: IEEE 123 Node Test Feeder 
The table 16 shows the system characteristics of the second feeder considered (IEEE 123 Node Test 
Feeder). The total peak PV penetration is 3.5 MW which is the around 200% of the gross-minimum load 
and almost 100% of the peak load.  
Table 16. IEEE 123 Node Test Feeder Characteristics. 
Model Property Value 
Substation Bank Size 5MVA 
Circuit Primary 
Voltage 
4.16 kV 
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Peak Bank Load 3.611 MW 
Regulator Setting Regulator 1(150-149) Base=120 R=3 X=7.5 PT ratio=20 
Regulator 2(9-14) Base =120 R=0.4 X=0.4 PT ratio=20 
Regulator 3(25-26) Base=120 R=0.4 X=0.4 PT ratio=20 
Regulator 4(160-67) Base=124 R=0.6 X=1.3 PT ratio=20 
Base=124 R=1.4 X=2.6 PT ratio=20 
Base=124 R=0.2 X=1.4 PT ratio=20 
Capacitor Bank 83 200 200 200 
88 50   
90  50  
92   50 
Total 250 250 250 
 
4.2.1 Simulation Results  
4.2.1.1Base Case:  
 
In this Case, total energy consumed by network throughout in a year is 17557 MWh, and the total energy 
consumption after the implementation of CVR is 17148 MWh, a reduction of 2.33 %. The annual load 
demand at Base Case is as shown in Figure 49 and with CVR is as shown in Figure 51.  
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Figure 49: Annual Load Demand at Base Case (123 Bus, without EVs). 
 
Figure 50: Load Demand of January at Base Case (123 Bus, without EVs) 
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Figure 51: Annual Load demand after CVR Implementation (123 Bus, without EVs). 
 
Figure 52: Load Demand of January with CVR (123 Bus, without EVs) 
The Annual minimum and the Annual Maximum load can be plotted as in figure 53 and 55. From figure 
44, we can see clearly that the minimum voltage before CVR is ranging from 0.977 to 1.008 p.u. and 
0.951 to 0.969 p.u. after the implementation of CVR.  
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Figure 53: Annual Maximum Voltage (123 Bus, without EVs). 
 
Figure 54: Maximum Voltage of January (123 Bus, without EVs). 
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Figure 55: Annual Minimum Voltage (123 Bus, without EVs). 
 
Figure 56: Minimum Voltage of January (123 Bus, without EVs) 
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Figure 57: Voltage at Minimum Load for Bas Case and Voltage at Peak Load for Base Case (123 Bus, 
without EVs). 
    
Figure 58: Voltage at Minimum Load with CVR and Voltage at Maximum Load with CVR (123 Bus, 
without EVs). 
4.2.1.2 Alter Integration of Various Percentage of Photovoltaic 
 
 
The PV penetration and inverter density are as shown in Table 17. The minimum, maximum, average 
voltage at 50, 75, and 100 % PV penetration and 0, 33, 66, 100% inverter density are shown.  
 
 
70 
 
 
 
 
 
 
Table 17. Minimum, Maximum, and Average Voltage at Various Inverter and PV Penetration 
(123 Bus without EVs) 
Scenario Voltages 
PV penetration Smart Inverter activated Maximum Minimum Average 
 
 
 
50 
0 1.0063 0.9523 0.9704 
33 1.0049 0.9529 0.97 
66 1.0062 0.95 0.969 
100 1.0017 0.95 0.964 
 
75 
0 1.0117 0.9524 0.971 
33 1.0117 0.95 0.97 
66 1.0065 0.95 0.967 
100 1.0036 0.9531 0.962 
 
 
100 
0 1.0315 0.9533 0.983 
33 1.012 0.9502 0.97 
66 1.0 0.95 0.963 
100 0.99 0.9502 0.961 
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Figure 59, 60, and 61 shows the maximum, minimum, and average voltage at various PV penetration and 
various inverter density respectively.  
 
Figure 59: Maximum Voltage at Various SI and PV Penetration Scenario (123 Bus, without EVs). 
 
 
Figure 60: Minimum Voltage at Various SI and PV Penetration Scenario (123 Bus, without EVs). 
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Figure 61: Average Voltage at Various PV and SI penetration Scenario (123 Bus, without EVs). 
The energy saving resulted from this scenario are as shown in Table 18.  
Table 18. Total Energy Saving in the Various Scenario (123 Bus without EVs). 
 
Energy Saving in percentage 
Smart inverter activated 
0% 33% 66% 100 % 
Percentage of PV 
penetrated 
50 2.55 2.63 2.72 2.79 
75 2.49 2.58 2.65 2.71 
100 2.57 2.69 2.76 2.84 
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4.2.2 Including EV Loads 
We have taken the same EV load patterns as in 37 bus system for this case as well. In this scenario, there 
is 150 electric vehicles at phase-A, 175 electric vehicle in phase-B, and 150 electric vehicles in phase-C.  
4.2.2.1 Base Case 
 
For this case, the total annual energy consumed by the load is 16248 MWh before implementation of CVR 
and 15890 MWh and saving of 2.2 % after the application of CVR. Figure 62 and 64 shows Hourly load 
demand for a year at Base Case and with CVR.  
  
Figure 62: Annual Power Demand at Base Case (123 Bus, with EVs). 
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Figure 63: Power Demand of January at Base Case (123 Bus, with EVs) 
  
Figure 64: Annual Load Demand with CVR (123 Bus, with EVs). 
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Figure 65: Load Demand with CVR (123 Bus, with EVs) 
Figure 66 and 68 shows the maximum and minimum voltage in 1-hour resolution at Base case and with 
CVR implementation.   
 
Figure 66: Annual Maximum Voltage (123 Bus, with EVs). 
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Figure 67: Maximum Voltage of January (123 Bus, with EVs). 
 
Figure 68: Annual Minimum Load (123 Bus, with EVs). 
0.96
0.97
0.98
0.99
1
1.01
1.02
1.03
1.04
1.05
1.06
1
2
8
5
5
8
2
1
0
9
1
3
6
1
6
3
1
9
0
2
1
7
2
4
4
2
7
1
2
9
8
3
2
5
3
5
2
3
7
9
4
0
6
4
3
3
4
6
0
4
8
7
5
1
4
5
4
1
5
6
8
5
9
5
6
2
2
6
4
9
6
7
6
7
0
3
7
3
0
V
o
lt
a
g
e
 p
.u
.
Time in 1- hour resolution
Maximum Voltage of January
with CVR at Base Case
0.92
0.93
0.94
0.95
0.96
0.97
0.98
0.99
1
1.01
1
2
8
4
5
6
7
8
5
0
1
1
3
3
1
4
1
6
1
6
9
9
1
9
8
2
2
2
6
5
2
5
4
8
2
8
3
1
3
1
1
4
3
3
9
7
3
6
8
0
3
9
6
3
4
2
4
6
4
5
2
9
4
8
1
2
5
0
9
5
5
3
7
8
5
6
6
1
5
9
4
4
6
2
2
7
6
5
1
0
6
7
9
3
7
0
7
6
7
3
5
9
7
6
4
2
7
9
2
5
8
2
0
8
8
4
9
1
V
o
lt
a
g
e
 p
.u
.
Time in 1-hour resolution (Jan 1 to Dec 31)
Minimum Voltage
At Base Case With CVR
77 
 
 
Figure 69: Minimum Voltage of January (123 Bus, with EVs). 
 
      
Figure 70: Voltage Profile at Minimum and Maximum Load with Base Case (123 Bus, with EVs). 
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Figure 71: Voltage profile at Maximum and Minimum Load with CVR (123 Bus, with EVs). 
4.2.2.2 With Different Level of PV Penetration  
 
The PV penetration and inverter density are as shown in Table 19. The minimum, maximum, average 
voltage at 50, 75, and 100 % PV penetration and 0, 33, 66, 100% inverter density are shown.  
 
Table 19. Minimum, Maximum, and Average Voltage at various Inverter and PV penetration 
(123 Bus with EVs) 
Scenario Voltages 
PV penetration Smart Inverter activated Maximum Minimum Average 
 
 
 
50 
0 1.0023 0.9512 0.969 
33 1.0019 0.9529 0.966 
66 1.0012 0.95 0.964 
100 1.0011 0.95 0.964 
 
75 
0 1.0017 0.951 0.967 
33 1.0014 0.95 0.965 
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66 1.001 0.95 0.964 
100 1.0008 0.9511 0.962 
 
 
100 
0 1.0215 0.9512 0.971 
33 1.0092 0.9502 0.968 
66 1.0 0.95 0.963 
100 0.99 0.9502 0.961 
 
The energy saving resulted from this scenario are as shown in Table 20.  
Table 20. Total Energy Saving in the Various Scenario (123 Bus with EVs). 
 
Energy Saving in percentage 
Smart inverter activated 
0% 33% 66% 100 % 
Percentage of PV 
penetrated 
50 2.3 2.37 2.45 2.52 
75 2.33 2.42 2.51 2.63 
100 2.38 2.46 2.58 2.68 
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CHAPTER 5  
CONCLUSION AND RECOMMENDATIONS 
This thesis assessed the combined effect of distributed Photovoltaic and Electrical Vehicle load on 
Conservation Voltage reduction in a distribution system. At first, capacitors (if there is any) was optimized 
to make the voltage profile flatter (i.e., the minimum difference between maximum and minimum system 
voltage). The regulators were used after that to minimize the lowest voltage as minimum as possible without 
violating ANSI standard. After optimizing these traditional voltage regulating equipment, we used smart 
inverter of the Photovoltaic to regulate the voltage. In this scenario, the reactive power was absorbed or 
supplied according to voltage profile of the feeder to make the annual energy consumption minimum. 
 
It can be clearly seen from the result, with the addition of Electrical vehicle annual energy consumption is 
quite a bit different then only with normal loads and PVs. The load pattern of the Eclectic vehicle was 
totally based on our assumption, the real practical scenario can be entirely different than this, depends upon 
consumer behavior.  We did our simulation on two IEEE distribution test feeder, 37 bus system, and 123 
bus system. In case of 37 bus system, there was one regulator and no any capacitor in the feeder. Therefore, 
the control was quite bit easy, however, in case of 123 bus system, there are four capacitor and four 
regulators. Therefore, the controlling was challenging.  
The key finding from this thesis is,   
• With the help of VO scheme that helped to flatten and reduced the distribution system by 
controlling capacitor banks and regulators, energy saving of 1.53 % (without EV loads) and 2.57 
% (with EV loads) were resulted for 37 node test feeder and 2.33 % and 2.2 % energy saving were 
resulted for 123 node test feeder. Without EV loads 37 bus system had higher energy saving 
because of presence of four capacitor banks and  four regulators. However, with the presence of 
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EV loads, their allocation was totally random and load pattern was also based on our own 
assumption rather than real charging data, the energy saving is higher in 37 bus system.  
• With the use of 100% smart inverter and 100 % PV penetration with capacitor banks and regulators 
the energy saving were 2.67 % (without EV loads) and  3.14 % (with EV loads) were achieved for 
37 node test feeder and 2.84 % (without EV loads ) and 2.68 % (with EV loads ) were achieved for 
123 node test feeder.   
Due to lack of feeder data and real EV data, the result is not good as expected. Proper coordinating EVs 
load charging with PVs can result in more energy saving. Development of such system is our future interest 
of study. Consideration of V2G and use of inverter of EV batteries is also a future topic for research. 
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